A proper understanding of the Milky Way (MW) dwarf galaxies in a cosmological context requires knowledge of their 3D velocities and orbits. However, proper motion (PM) measurements have generally been of limited accuracy and available only for more massive dwarfs. We therefore present a new study of the kinematics of the MW dwarf galaxies. We use the Gaia DR2 for those dwarfs that have membership information available from literature spectroscopy. We derive the PMs for 39 galaxies out to 420 kpc, and generally find good consistency for the subset with measurements available from other studies. We derive the implied Galactocentric velocities, and calculate orbits in canonical MW halo potentials of "low" (0.8 × 10 12 M ⊙ ) and "high" mass (1.6 × 10 12 M ⊙ ). Comparison of the distributions of orbital apocenters and 3D velocities to the halo virial radius and escape velocity, respectively, suggests that the satellite kinematics are best explained in the high-mass halo. Tuc III, Segue 2, Crater II, and additional candidates have orbital pericenters small enough to imply significant tidal influences. Relevant to the missing satellite problem, the fact that fewer galaxies are observed to be near apocenter than near pericenter implies that there must be a population of distant dwarf galaxies yet to be discovered. Of the 39 dwarfs: 12 have orbital poles that do not align with the MW plane of satellites (given reasonable assumptions about its intrinsic thickness); 11 have insufficient PM accuracy to establish whether they align; and 16 satellites align, of which 11 are co-orbiting and (somewhat surprisingly, in view of prior knowledge) 5 are counter-orbiting. Group infall might have contributed to this, but no definitive association is found for the members of the Crater-Leo group.
Introduction
The determination of the orbital properties of the dwarf galaxies surrounding the Milky Way (MW) is a crucial step for unraveling the formation and evolutionary paths of these galaxies: did the dwarf spheroidals (dSphs) and ultra-faint dwarfs (UFDs) lose their gas due to internal stellar feedback or due to a combination of internal and external effects, such as UVbackground heating and/or tidal and ram-pressure stripping from the large Local Group spirals (e.g. Mayer et al. 2006; Revaz & Jablonka 2018, Bermejo-Climent et al. in prep.) ? Are the metallicity gradients observed for several of the Milky Way "classical" dwarf spheroidal galaxies (e.g. Tolstoy et al. 2004; Battaglia et al. 2006 Battaglia et al. , 2011 an intrinsic property of these systems or could interactions with the Milky Way have had a role in setting their presence or erasing them in some cases (Sales et al. 2010) ?
From a theoretical perspective, depending on the orbital and internal characteristics of the object (e.g. in terms of the mass density profile of its dark matter halo) it has been argued that such interactions could potentially transform initially ⋆ Hubble fellow discy/rotating dwarfs in spheroidal/pressure-supported systems (e.g. Mayer et al. (2001 Mayer et al. ( , 2006 ; Kazantzidis et al. (2017) ; however, the existence of very isolated dwarf galaxies, or those likely on their first approach towards the MW, having a spheroidal morphology and being in the process of losing/exhausting their gas would suggest otherwise (e.g. VV 124, Leo T, Phoenix I). Nonetheless, signs of tidal disturbance have been detected in the spatial distribution of the stellar component of some classical dwarf galaxies and ultra-faint systems (e.g. Carina I, Hercules I, Boötes I, see e.g. Roderick et al. 2015 Roderick et al. , 2016 and it is still debated whether the presence of tidally unbound stars in spectroscopic samples can alter inferences of the dark matter (DM) distribution in these galaxies obtained from the observed line-of-sight velocity dispersion, in particular in the outer parts (e.g. Łokas et al. 2008; Łokas 2009 ).
Other interesting aspects that the orbital properties allow to explore are whether some of the MW satellites were accreted to the MW as part of a group of dwarf galaxies as suggested for example by the discovery of possible satellites of the LMC (Koposov et al. 2015a; Bechtol et al. 2015) as well as if they are preferentially distributed on a planar structure (Pawlowski et al. 2012) .
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These are only a few of the questions that can potentially be addressed by knowledge of the orbital properties of the MW dwarf galaxies. The very first step towards this goal is the determination of the 3D bulk motion of these systems. While determinations of the systemic heliocentric radial velocity are available in the literature for all of the MW classical dwarf spheroidal galaxies and most of the ultra-faint systems discovered so far, astrometric proper motions have became available for the full set of MW classical dwarf spheroidals only very recently and no astrometric proper motion had been available for any of the ultra-faint dwarf galaxies, apart from Segue 1 (Fritz et al. 2017b) .
The second release of data from the Gaia mission (Gaia Collaboration et al. 2018a ) has started a revolution in this respect. Gaia Collaboration et al. (2018b) demonstrated the power of the Gaia DR2 data for the study of the kinematics of stellar systems around the Milky Way using 75 globular clusters, the Magellanic Clouds, the 9 classical MW dwarf spheroidal galaxies and the Boötes I UFD. In several cases the precisions are exquisite, in others they are comparable to what can be achieved with HST, but with the clear advantage of being in an absolute reference frame.
Gaia DR2 has opened the door as well to the determinations of the systemic proper motion of dozens of the other dwarf galaxies surrounding the Milky Way. In this work, we obtain systemic proper motions for most of the systems within 420kpc from the MW. The paper is structured as follows: in Sect. 2 we describe the data-sets used for the analysis and in Sect. 3 the methodology adopted to determine systemic proper motions; Sect. 4 presents the determination of space velocities and orbital properties of the objects in the sample; we discuss the main results in Sect. 5 and present conclusions and summary in Sect. 6.
Data
Our sample of galaxies consists of the vast majority of galaxies and galaxy candidates within 420 kpc of the Milky Way. We omitted: the Magellanic Clouds, because they have already well established motions and their measurable internal motions complicate measurements; Leo T, due to its low luminosity combined to its large distance; and Boötes III, due to its unclear nature as a galaxy or stream (Grillmair 2009 ). We were inclusive of objects whose nature as globular cluster or as dwarf galaxy is still under debate, such as for example Crater I (Kirby et al. 2015; Voggel et al. 2016) .
Our work is mainly based on the Gaia (Gaia Collaboration et al. 2016) data release 2 (GDR2) (Gaia Collaboration et al. 2018a ). Furthermore, we use literature spectroscopic data sets of dwarf galaxies to ease identification of members. For most galaxies we use the catalogs shown in Table 1. 1 For the Sagittarius dSph we use APOGEE DR14 data (Majewski et al. 2017) , selecting all the stars within 30' of the nominal center. We also drop from the sample Pegasus III because of the lack of Gaia DR2 matches for the spectroscopic members in Kim et al. (2016) .
Because we rely on spectroscopic data some satellites are omitted from our sample. Most of those are so faint and/or distant (like for example Indus II) that calculations show that no member stars are expected above the Gaia DR2 magnitude limit.
Others, like Sagittarius II and Pictoris II, are in principle bright enough, but no spectroscopic data-set has been published yet.
Proper motions

Method
Except for a couple of cases, we use only stars for which membership probabilities (be it a binary probability or not) are available as based on literature spectroscopic studies. For those cases when membership probabilities were not provided in the source paper, we calculate them ourselves (see notes in Tab. 1) using the heliocentric v helio and, when provided, also log(g): essentially we assign probabilities based on the likelihood of star to be a giant and have a velocity similar to the systemic velocity of the galaxy.
The selection of probable members is later refined by including information from Gaia DR2. We first check whether stars with spectroscopic information have a match within 1" in Gaia DR2 that also has Gaia DR2 kinematic information. We then require at least 40% membership probability according to the spectroscopic analysis, as well as requiring the stars to have a parallax deviating less than 2 σ from the value expected given the distance to the galaxy, and tangential velocities (in the right ascension and declination direction) less than 2 σ from an approximation of the escape speed at the distance of the object. Our estimate of the local escape speed corresponds approximately to that expected for a Navarro, Frenk and White (NFW) dark matter (DM) halo (Navarro et al. 1996) with virial mass 1.2×10 12 M ⊙ . After converting the escape speed to mas/yr at the distance of the object, we also add the expected 'proper motion' due to the reflex motion of the Sun given the position and distance of the satellite. The escape speed criteria is applied in both dimensions (right ascension and declination) separately. All these criteria are relatively inclusive, but, because we use several of them, the sample is still expected to be rather clean. Finally, we apply an outlier rejection criteria, excluding those stars whose proper motion deviates by more than 3 σ in at least one proper motion dimension. Overall not many stars are excluded from the initial samples, see Table 1 , especially for the fainter galaxies.
A few objects have only two likely members with kinematic information in Gaia DR2 and passing our criteria (see Table 1 ). The final step of outlier rejection cannot therefore be applied on these samples containing only two stars. We inspected the motions of these cases with greater care; most of them agree well with each other, and we use them in the following w/o distinction. In the case of Hydrus I the motions of the two currently public likely members do not agree with each other. In this case we compared the motions with the other GDR2 stars within 1.5 half light radii. A clear clump is visible around the proper motion of the brightest of the two stars: from this we conclude that the brighter stars in Koposov et al. (2018) is a member while the fainter star is not. Here we use the motion of the brighter member. Also for the other galaxies with few members we checked whether Gaia DR2 stars within the half-light radius of these systems, but without spectroscopic measurements, clump close to the member stars in proper motion space. For simplicity we omitted to add these others stars to our sample.
After we have selected which stars are members, we calculate the average proper motion of the object in right ascension (µ α * ) and declination (µ δ ) and the average correlation coefficient between µ α * and µ δ by taking an error weighted average of all the member stars. These values are given in Table 2 . For the conversion to velocities and for our analysis we also add to the proper motions errors in both dimensions a systematic error of Table 1 . Sample of objects. Column 1 lists the object name; col. 2 the number of spectroscopic members; col. 3 gives the number of spectroscopic members that have a match within 1" in Gaia DR2 and col. 4 is as before but which have kinematic information in Gaia DR2; col. 5 lists the number of spectroscopic members that passed our additional membership criteria (see text); in col.6 we provide the source of the spectroscopic catalogs. In the last column we mark with y, when we derived the spectral membership probability ourself References.
(1) Torrealba et al. (2016b) ; (2) 0.035 mas/yr (see Gaia Collaboration et al. (2018b) ), which we assume to be uncorrelated between α and δ. The obtained proper motions are of high quality as shown by the comparison with independent measurements (see Sect. 3.2) and by the reduced χ 2 distribution between individual proper motion measurements and sample averages, which follows what is expected for samples of the sizes considered here. As mentioned above, in the cases for which only an handful of spectroscopic members are available we have double checked that the proper motion of Gaia DR2 stars within 1.5 half-light radii of the object center share a similar proper motion to that estimated from the spectroscopic members. Note that while in the inner halo there are still many halo stars in streams and in the smooth halo component, we expect the contamination from halo stars to be much lower at large Galactocentric distances. Thus the motions of distant satellites will be more reliable in that respect.
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Comparison with other measurements
Gaia DR2 proper motions are known to have systematic uncertainties of the order 0.035 mas/yr (Gaia Collaboration et al. 2018b) . Since some of the closer galaxies in our sample have measurement uncertainties smaller or comparable to this, it is important to compare our Gaia DR2 proper motions with those measured using independent instruments and methods. Gaia Gaia Collaboration et al. (2018b) compared their Gaia DR2 proper motion measurements of 9 classical dSphs with those reported in the literature. They found that in general, the Gaia DR2 measurements are consistent with previous measurements (based on ground-based and HST data) at 2σ level. Moreover, when compared to only HST-based measurements, the agreement becomes even better, especially when systematic uncertainties are considered. Our proper motions presented in Table 2 are consistent with the results by Gaia Collaboration et al. (2018b) within the quoted 1σ uncertainties for 6 out of the 9 classical dSphs. Among the 3 other dSphs, our measurements for Fornax I and Sextans I agree with those of Gaia Collaboration et al. (2018b) at 2σ level. For Sagittarius I, we find that the two measurements are discrepant by 0.044 mas/yr in the µ α direction (while consistent in the µ δ direction). These discrepancies are due to the different samples of stars used for deriving the proper motions, and this is pronounced when we average stars from a wide angular area such as Sagittarius I. Nevertheless, our results for classical dSphs are generally in good agreement with Gaia Collaboration et al. (2018b), so we are able to make the same assessments as in their paper.
In addition to the 9 classical dSphs, the proper motion of Segue 1 was recently measured by Fritz et al. (2017b) using SDSS and LBC: (µ α * , µ δ ) = (−0.37 ± 0.57, −3.39 ± 0.58) mas/yr. The Gaia DR2-based proper motion agree with this measurement at the ∼ 2σ level in the right ascension, and < 1σ level in the declination, similar to what is found for classical dSphs. All in all, we conclude that our proper motions using Gaia DR2 are generally consistent with measurements made independently using other instruments.
At the time of writing, Simon (2018) derived Gaia DR2 based proper motions for UFDs within 100 kpc from the Milky Way, also based on catalogs of spectroscopic member stars from the literature: for the objects in common, there is excellent (within 1σ) agreement with our determinations, except for Segue 2 and Tuc III, for which there is a 2σ difference; the agreement between ours and Simon's independent determinations of proper motions for UFDs, which do differ in the details of the methodology, lends support to the robustness of the results. In the case of Tuc III, the differences are likely resulting from the fact that we include stars in the stream (Li et al. 2018a ) when deriving proper motions. The case of Segue 2 is objectively a particularly difficult one, as only 2 spectroscopic member stars are used and Gaia DR2 stars within 1.5 half-light radius do not cluster tightly around the value of the spectroscopic members.
Velocities and orbital parameters
In order to convert the measured proper motion into tangential velocity in an heliocentric reference frame, we adopted the heliocentric distances by McConnachie (2012) or, if the object was discovered posterior to 2012, we adopted the distances in the object discovery paper. For the error budget on the heliocentric tangential velocity, we included the published errors in the object's distance modulus, and, to be conservative, added in quadrature an error floor of 0.1 mag. Table 2 lists the 3D Galactocentric velocities, and the Galactocentric radial and tangential velocity components; these were derived assuming a 8.2±0.1kpc distance of the Sun from the Milky Way center and a velocity of the Sun with respect to the Milky Way center of (11, 248, 7. 3) km/s (with errors (1, 3, 0.5) km/s) in a reference frame in which the x-axis is positive pointing inwards from the Sun to the Galactic center, the y-axis in the direction of Galactic rotation and the z-axis towards the North Galactic Cap (Bland-Hawthorn & Gerhard 2016). We run 2000 Monte Carlo simulations drawing µ α * , µ δ and the heliocentric radial velocities randomly, from Gaussian distributions centered on the measured values and dispersions given by the respective errors. When extracting random values for µ δ we do consider the correlation between the µ α * and µ δ , listed in Table 2. The randomly simulated kinematic properties are then transformed into velocities in a Cartesian heliocentric (and then Galactocentric) reference system. In the tables and figures we do not use the median of the Monte Carlo simulations as the most likely value, but the values obtained directly from the measurements, because the median of the Monte Carlo simulations is biased for positive definite values when the errors are close to being as large or larger than the expected values. The asymmetric error bars come from the 1σ distribution of values from the Monte Carlo simulations, similar as in Fritz et al. (2017b) . Precisely, we scale the error bars by multiplying with the most likely value and dividing by the median value of the distribution from the Monte Carlo simulations. In this way we avoid that the errors rescaling leads to the inclusion of unphysical parameters into the error bars. From the Galactocentric velocities we also derive estimates of the orbital poles. We show the total velocities of all galaxies in Figure 1 . We then use the publicly available code galpy to integrate orbits in a Galactic potential. We adopt the standard MWPotential14 model, which has three components: a spherical bulge, a disc and a NFW halo (see Bovy et al. 2015 for details). For the MW dark matter halo mass we explore two cases: a light halo with virial mass 0.8×10 12 M ⊙ (Bovy 2015 ) and an heavier model, identical to MWPotential14 but for the MW DM halo virial mass, which is 1.6×10 12 M ⊙ (Fritz et al. 2017a) . In Table 3 we lists the apocenter, pericenter and eccentricity values derived with these two potentials. The eccentricity is calculated Table 2 . Distance and kinematic properties of objects in our sample. Column 1 lists the object name, col. 2 its Galactocentric distance, col.3 and 4 give the measured proper motion, col. 5 the correlation coefficient between them, col. 6 the 3D Galactocentric velocity; col.6 the Galactocentric V rad ; col. 7 the Galactocentric V tan . Note that no systematics is included in the estimates of the proper motions listed in this table (see main text). We warn the reader that, since in some cases the errors are large and due to the existing correlation between the two proper motion directions, for detailed calculations it is best to start from the measured quantities (i.e. the proper motions). as ecc = (r a − r p )/(r a + r p ) within galpy. The central value in the table can be slightly different due to rounding, and the errors are often changed due to our rescaling. We note that the distance of the Sun to the Galactic center and the Sun motion are slightly different than what used above, but in previous works it was found that this was causing only minor changes to the orbital properties; in our case, the observational sources of errors are going to be dominant in most cases. We run 500 Monte Carlo simulations for the orbit integrations. Figure 2 shows the orbital properties of the objects in the sample, quantified as the pericenter versus apocenter (for the heavy and light NFW halo in the top and bottom panel, respectively). We only plot objects with an error in 3D velocity approximately less than 100 km/s. That way we are less biased towards large values, as it would be the case for positive definite properties with large errors. In Fig. 3 we plot an all-sky view of the orbital poles of the objects in the sample, concentrating on those within 200kpc, and comparing their location on this plane with the vast polar structure (VPOS) of satellites (Pawlowski et al. 2012) . Several considerations can be made from these figures. Table 3 . Orbital properties of objects in our sample. Column 1 lists the object name, col. 2, 3 and 4 the pericenter, apocenter and eccentricities of the orbit around the Milky Way in the more massive potential of the DM halo with virial mass 1.6×10 12 M ⊙ , col. 5, 6 and 7 show the same properties, derived in the less massive potential of 0.8 × 10 12 M ⊙ (see main text). Note that several objects have apocenter distances larger than the Local Group extent; these should be taken with a grain of salt, as e.g. our estimates do not include the effect of the gravitational potential of M 31, and should be seen as indication that the given object is on its first infall to the Milky Way. 
Discussion
Apocenter Distances and Orbital Energies
Figure 2 allows us to see the number of galaxies that have orbits that will take them beyond the virial radius of the MW DM halo, i.e. those that have apocenters above the solid lines. Such satellites can be considered alongside the backsplash population of satellites that exist beyond the virial radius at z=0, but have been within the virial radius at earlier times (Balogh et al. 2000; Gill et al. 2005; Teyssier et al. 2012; Simpson et al. 2018) . Assuming a high (low) mass halo implies that there are 37 (34) satellite galaxies within the virial radius at the present time, of which 9 (19) are "backsplashing" satellites in that their orbits will take them beyond the virial radius. Of the 3 (6) dwarfs that are outside the virial radius at the present time, in the high (low) mass halo, 2 (4) are backsplashing. We can see in particular that a low mass halo would imply that the majority of the observed dwarfs are on orbits that pass in and out of the virial radius, whilst for a high mass halo a little more than a quarter of the galaxies are on such backsplashing orbits.
In Figure 1 we show how the newly measured 3D velocities of the satellites as a function of radius compare to the local escape velocity in the two MW potentials. The definition of whether a satellite is bound or not in an evolving cosmoArticle number, page 6 of 12 T. Fritz et al.: Gaia DR2 Proper Motions and Orbits of Dwarf Galaxies within 420 kpc Fig. 2 . Pericenter versus apocenter properties of the galaxies in the sample with 3D velocity errors <100 km/s, as indicated by the labels. The top panel plot shows the results for a MW DM halo of virial mass equal to 1.6 × 10 12 M ⊙ , and the lower panel for 0.8 × 10 12 M ⊙ . We also show typical virial radii in both plots. Some galaxies like Grus I are omitted in the lower plot because their very large apocenter would distort the plot. logical context is complex, and the comparison to the curves should therefore be interpreted primarily in a relative sense. Boylan- addressed this topic in detail for the case of Leo I. That analysis was based on the proper motion of Leo I measured by HST, which is in good agreement with our Gaia DR2 value. They showed that the low-mass MW is actually ruled out at 95% confidence, since in such halos it is vanishingly rare in cosmological simulations to find subhalos at 261 kpc moving as fast as Leo I. By contrast, they showed that the high-mass Milky Way is the statistically preferred value. Given this result, our Figure 1 and large apocenter in Figure 2 shows that several other satellites (e.g. Car II, Car III, Grus I) have a combination of distance and velocity that will put them at odds with a low-mass MW. A few galaxies (Pis II, Leo V, Eri II) even have velocities that would make them hard to explain in a cosmological context for the high-mass MW model. In contrast Phoenix I seems bound at the first view, but as in case of other distant systems, detailed simulation of galaxy infall and our errors are necessary to confirm that.
Pericenter Distances and Tidal Influences
From Fig. 2 it can be noticed that Tuc III and Segue 2 are likely to reach within 10 kpc from the Milky Way center in both potentials and be confined within 50kpc, therefore highly likely to have been subject to strong tidal disturbances, as confirmed by the presence of a stream in Tucana III and predicted by Erkal et al. (2018) . Also Willman 1, Reticulum II, Segue 1 have a very internal orbit, with a likely pericenter distance between 10 and 30 kpc; in the potential corresponding to the heavy dark matter halo their orbit would be confined within 50 kpc, while it could reach out to ∼100kpc for the lighter DM halo; the small pericentric distance does nonetheless make them candidates for having been significantly tidally perturbed.
As mentioned in the Introduction, elongations and/or isophote twists suggestive of tidal stretching of the stellar component have been observed in Carina I, Hercules and Boötes I. The errors on Hercules's orbital properties are very large and prevent strong conclusions to be made; depending on the potential adopted, Boötes I orbit might get as close as to ∼20kpc from the MW center, while on the other hand Carina I is not expected to have come closer than ∼50kpc (within 1σ) for the heavy halo, while in the case of the light halo its orbit would be rather external. The observational findings of signs of likely tidal disturbance in Carina can be considered as robust as they have been detected in multiple studies in the literature adopting different methodologies (see e.g. Muñoz et al. 2006; McMonigal et al. 2014 , and references in); their presence might then either suggest a preference for a heavy MW DM halo or that dwarf galaxies might experience strong tidal disturbance even on rather external orbits; we deem this latter hypothesis unlikely (see results from N-body simulations, e.g. Muñoz et al. 2008; Peñarrubia et al. 2008 , for those simulated objects on similar orbits), but this is certainly an important aspect to be verified, since several of the MW dwarf galaxies are on more internal orbits than Carina (e.g. Draco, Ursa Minor, Boötes I, Crater II to mention a few) and could see their internal kinematic properties potentially affected. Alternatives could contemplate the possibility that the properties of Carina might have been affected by the Magellanic system: e.g. the recent infall of the Magellanic system might have modified Carina's current orbital properties, making them therefore not representative of its past orbital history; however Carina shares with the LMC a very similar orientation of the time-average orbit (Gaia Collaboration et al. 2018b) , while torques from the LMC would be expected to be maximal on systems on a perpendicular orbital plane; we speculate that Carina could have experienced a close encounter with the Magellanic Clouds and that perhaps these latter systems are responsible for inducing tidal disturbances.
While the perturbative influence of the LMC (Gómez et al. 2015) has not been included in the presented orbit calculations, it will be included in follow-up studies to assess the impact on the orbits of the classical and UFD satellites of the MW (Patel. et al. in prep.) .
In Fig. 4 we plot the distance from the Galactic center as a function of time for Crater II: in both the DM haloes for the MWpotential14, the best Crater II orbit is radial with an eccentricity of about 0.7 and can reach as close to the 20 kpc. That implies that the Hill radius of Crater II is at pericenter far smaller than Crater II half-light radius (see Figure 4 , bottom panel), therefore confirming the prediction of Fattahi et al. (2018) and Sanders et al. (2018) that it is in process of tidal disruption. Our proper motion is in relatively good (0.3/1.3σ) agreement with the models by Sanders et al. (2018) . Thus it seems likely Fig. 3 . All-sky view of orbital poles for the objects in the sample; the circles indicate the median of the 2000 Monte Carlo simulations while the small points around each object plot the orbital poles from the individual simulations. The magenta circles contain 10 per cent of the sky around the assumed VPOS pole, which is given as a "X" for the "co-orbiting" direction (orbital sense as most classical satellites, including the LMC and SMC), and a "+" for the opposite normal direction ("counter-orbiting"). Top panels: objects with Galactocentric distances between 0-50kpc (left) and 50-100kpc (right); bottom panels: objects with Galactocentric distances between 100-200kpc (left) and in the putative Crater-Leo group.
that Crater II fits in the standard ΛCold Dark matter scenario but has lost the great majority of its mass to tidal interactions with the MW. There is still a small deviation which, when it gets more significant, might necessitate cored dark matter halos (Sanders et al. 2018) or deviation from General Relativity (McGaugh 2016).
As stated above, several other systems do share internal orbits such as Crater II and therefore the potential impact of tidal disturbances needs to be understood to properly interpret these systems' structural and internal kinematic properties. Figure 5 shows histograms of the ratio f = (d GC − r peri )/(r apo − r peri ). Both histograms have a peak at small value of f . This is more pronounced for the low-mass MW model, which based on the arguments in the preceding sections, we consider less plausible. Basic dynamics dictates that within their orbits, galaxies spend most of their time near apocenter, where the velocity is lower. Also, the number of galaxies at small pericenters ( 20 kpc) is reduced through tidal destruction. So if we had a complete sample of MW dwarfs, then the histograms would have to be increasing towards high f . By contrast, even for the highmass MW, the observed histogram is flat at best. The corollary is that there must be a population of (ultra-faint) dwarf galaxies that are currently at apocenter, especially beyond ∼ 100 kpc, that have yet to be discovered. This is relevant to the so-called "missing satellite" problem (see review in Kravtsov (2009)), as it affects the comparison of observed dwarf galaxy counts to subhalos found in hierarchical galaxy formation scenarios. Implications of this statement will be discussed in Patel et al. (in prep.) . Figure 3 shows the distribution of orbital poles for three distance bins (0 to 50, 50 to 100, and 100 to 200 kpc), as well as for the proposed members of the Crater-Leo Group (not included in the 100 to 200 kpc plot). The uncertainty in the direction of orbital poles is illustrated with point clouds based on the 2000 Monte Carlo simulations of the measurement uncertainties. The (Caldwell et al. 2017) in two different MW potentials compared to the size and apocenter of Crater II. magenta cross and plus sign gives the assumed normal direction to the VPOS, as used to predict the proper motions of satellites in Pawlowski & Kroupa (2013) . The magenta circles of opening angle θ inVPOS = 36.87
The Missing Satellite Problem
Orbital Poles and Planar Alignments
• denote areas of 10 per cent of the sphere around these directions. We consider orbital poles that lie within this region to orbit along the VPOS.
Based on the assumption that the satellite galaxies orbit along the VPOS, Pawlowski & Kroupa (2013) ; Pawlowski et al. (2015) predicted orbital poles for the satellite galaxies. We can now test how well these predictions are met. The predicted orbital pole direction is the direction along the great circle perpendicular to the satellite (as seen from the center of the Milky Way) which minimizes the angle to the assumed VPOS normal, which points to Galactic coordinates (l, b) = (169.3
• , −2.8 • ). The corresponding minimum angle between the VPOS normal and the pole of a satellite galaxy is θ pred . The angle between the orbital pole based on our proper motions and the VPOS normal is θ obs . The ratio between these gives a measure of how well an observed orbital pole agrees with its predicted direction. pole direction, ∆ pole . The latter is defined as the angle from the most-likely measured orbital pole of a satellite which contains 68 per cent of the orbital poles sampled from its measurement uncertainties. The ratio of observed to measured angle from the VPOS is typically large for objects with poorly constrained orbital pole directions (∆ pole > 20 • ), but for those with smaller uncertainties the majority of objects (15 out of 22) agree to within a factor of two (dashed magenta line) with the predicted angle. Satellites co-orbiting with the majority of the classical satellite galaxies associated with the VPOS are plotted as green, upward triangle, whereas red downward triangles are used for counterorbiting satellites. Satellites at larger distance are plotted with larger symbols. Table 4 provides an overview of the predicted (θ pred ) and the measured (θ obs ) alignments of satellite orbital poles. The observed angle is given a negative sign if the measured orbital pole is counter-orbiting relative to the orbital direction of the majority of the classical satellite galaxies associated with the VPOS. For each satellite, we calculate the fraction p (inVPOS ) of Monte Carlo sample orbital pole directions which falls to within θ inVPOS of the VPOS normal. For an orbital pole that is misaligned with the VPOS, this indicates whether there nevertheless is a chance that the pole might be aligned. Also given in the table is a measure of how strong the constraints of each satellite's pole are on its alignment with the VPOS direction. For the latter, we assume that the satellite's intrinsic orbital pole aligns perfectly with its A&A proofs: manuscript no. UFDsmot_v10 predicted direction. We then vary its orbital pole direction by sampling 2000 times from the measured uncertainties in orbital pole direction of this satellite. Since a satellite's orbital pole can not be better aligned than the predicted direction, any offset from this direction results in an increase of the angle with the VPOS normal. For each realisation, the angle to the VPOS normal is calculated. If it is larger than θ inVPOS , we count this realisation as not aligned with the VPOS, even though we know that its intrinsic pole is perfectly aligned. The fraction of realisations counted this way gives an estimate of the probability p >VPOS to falsely find this satellite's orbital pole to be misalined with the VPOS. It is compiled in column 5 of the table. We also count how often the angle to the VPOS exceeds θ obs [ • ], the angle between the mostlikely measured orbital pole and the VPOS normal. This gives an estimate of the probability p >obs to measure an intrinsically well aligned orbital pole as far away from the VPOS normal as observed. Since this method assumes intrinsically perfect alignments, the resulting probabilities should be seen as lower limits.
Overall, for 12 of the satellites the chance p inVPOS to align with the VPOS to better than θ pred given our proper motion uncertainties is lower than 5 per cent. For the remaining 27 satellites, an alignment of their orbital pole with the VPOS is either found, or can not be rejected with high confidence. Six out of the 39 objects can not align with the VPOS because their predicted angle θ pred already exceeds θ inVPOS : their spatial positions alone already place them outside of the VPOS plane orientation. A well known example is Sagittarius, which has an orbit almost perpendicular to the VPOS. The other satellites in this category are Hercules, Segue II, Triangulum II, Ursa Major II, and Wilman 1. Five of these counter-orbit relative to the VPOS, for a counter-orbiting fraction of f counter = 5 6 = 0.83. Of the remaining 33 satellites for which an alignment is feasible, 16 have median orbital poles which align to within θ inVPOS with the VPOS normal. The majority of these are well constrained to align with the VPOS, because most of their Monte Carlo sampled orbital poles also shows an alignment (p inVPOS > 0.5). The two least certain alignments are Crater 1 and Leo IV, for which only 34 and 43 per cent of realisations fall to within θ inVPOS of the VPOS normal, respectively. Of these 16 satellites with aligned orbital poles, only one has p >VPOS ≥ 0.5 (Crater 1), five have 0.4 ≥ p >VPOS ≥ 0.17, and the others have p >VPOS ≫ 0.01. This indicates that given the respective measurment uncertainties, the measured orbital poles are expected to be found within θ inVPOS of the VPOS if the satellites orbit along the VPOS. It is also interesting to note that of these 16 satellites, five counter-orbit. These are Aqu II, CVn II, Leo IV, Seg 1, and Sculptor, for which this was known previously). The remaining 11 satellites co-orbit, as do the LMC and SMC, so the counter-orbiting fraction is f counter = 5 16+2 = 0.28. The remaining 17 satellites have median orbital poles which do not align with the VPOS. Of these, nine have orbital pole directions that are too weakly constrained to be conclusive. These are CVn I, Eri II, Gru 1, Hyd II, Leo I, Leo II, Leo V, Phe I, and Pis II. When the orbital pole directions are Monte Carlo sampled from the measured uncertainties, there about a one in three chance that the pole is aligned with the VPOS (0.13 < p inVPOS < 0.44). These are thus consistent with aligning with the VPOS within their uncertainties. Even if their poles were intrinsically as well aligned as geometrically possible, due to the considerable uncertainty in their orbital pole directions their poles are expected to be found outside of θ inVPOS with probabilities of p >VPOS = 37 to 61 per cent. With p (>obs) = 12.5 to 55 per cent it is expected that the poles are as far or further from the VPOS as observed, except for Eri II and Gru 1 for which these probabilities are only 3 and 4 per cent, respectively. Two of the seven are more likely counter-orbiting, the remaining five more likely co-orbiting relative to the VPOS, so the counter-orbiting fraction is f counter = 2 7 = 0.29. Of the remaining eight satellites which have orbital poles that are misaligned with the VPOS normal, two are consistent with aligning to within θ inVPOS at a 7 and 10 per cent level (Bootes I and Tucana III, respectively). However, it is basically impossible that these align as well as geometrically possible with the VPOS, because p >VPOS = 0. This means that if these satellites orbit in the VPOS, then their poles can not be as quite close to the VPOS normal geometrically possible. Both satellites are mostlikely counter-orbiting.
Thus, only six of the satellites have orbital poles that are firmly and conclusively misaligned with the VPOS even though they could have had aligned poles. These are Boo II, Car II, CBe, Sex I, Tuc II, and UMa I. They all have well constrained orbital pole directions p inVPOS ≤ 0.01 and p >obs = 0 thus are not orbiting along the plane defined by the VPOS. Two of the six are most-likely counter-orbiting ( f counter = 0.33). For a more indepth analysis in regard to the VPOS, we refer the reader to Pawlowski et al. (in prep.) .
Group Infall
The orbital pole of the LMC is similar to the direction of the VPOS normal. Therefore our proper motion measurements suggest that several of the dwarf galaxies in the sample that have orbital poles falling within 10% of the sky around the assumed VPOS normal in the co-rotating assumption might be associated to the LMC. The association of MW dwarf galaxies to the Mag- Table 4 . Alignment with the VPOS. Column 1 gives the name of the satellite, col. 2 the angle between the predicted orbital pole and the VPOS normal, col. 3 the angle between the median measured orbital pole and the VPOS normal, col. 4 the fraction of Monte Carlo realizations that have an orbital pole aligned with the VPOS to within the 10 per cent circles, col. 5 the probability to falsely find an intrinsically perfectly aligned orbital pole outside of this area given the measurement uncertainties, and col. 6 the probability to find an orbital pole at least as far inclined from the VPOS as the median measured orbital pole. ellanic system will be the subject of a future work (Kallivayalil in prep.). Mainly on the basis of the objects position on the sky and heliocentric distance, Torrealba et al. (2016a) argued that Crater 1, Crater II, Leo II, Leo IV and Leo V might have once formed part of a group accreted by the MW. Even though the errors on the orbital pole determinations are large, our analysis suggests such a prior physical association of all five objects together is unlikely. Given the large measurement uncertainties, the poles of Leo IV and V are probably rather unconstrained. Also Crater 1 has a large uncertainty. In contrast the poles of Crater II and Leo II are better constrained and they do not overlap well. In addition, the preferred pericenter of these two objects differs by about 50 kpc.
Similarly, but with lower significance, Crater 1 has also different orbital characteristics than Leo II. Thus, we cannot exclude the possibility that there are two groups, one including Crater 1 and II, and the other one with Leo II and possibly the two other Leo galaxies, but we deem it unlikely that all the five objects came together as one group. Since, however the HST proper motion measurements places Leo II's orbital pole in the VPOS direction Piatek et al. 2016; Pawlowski et al. 2017) , it might be possible hat none of the measurement of Leo II is accurate enough and that further studies with either HST of Gaia are necessary.
Summary and conclusions
We derive systemic proper motions for all dwarf galaxies or galaxy candidates within 420kpc using Gaia DR2 proper motions, for which literature spectroscopic members are available. Our proper motion determinations for the classical MW dwarf spheroidal galaxies are in very good agreement (generally within 1σ, at most within 2σ) with the determinations by Gaia Collaboration et al. (2018b) .
We derive the implied Galactocentric velocities, and calculate orbits in canonical MW halo potentials of "low" (0.8 × 10 12 M ⊙ ) and "high" mass (1.6 × 10 12 M ⊙ ). Comparison of the distributions of orbital apocenters and 3D velocities to the halo virial radius and escape velocity, respectively, suggests that the satellite kinematics are best explained in the high-mass halo. Relevant to the missing satellite problem, the fact that fewer galaxies are observed to be near apocenter than near pericenter implies that there must be a population of distant dwarf galaxies yet to be discovered.
Our analysis suggests that several UFDs, as well as a couple of classical MW dSphs such as Draco and UMi, have internal orbits with pericenter distances that bring them dangerously close to the internal regions of our Galaxy, at risk of being strongly tidally affected. The "feeble giant" Crater II is found to be on a ∼1:6 peri-to-apocentric distance orbit (with a ∼0.7 eccentricity) and a small pericentric distance, of approximately 20-30kpc, depending on the assumed MW DM halo mass. Our proper motion determination is in agreement with the predictions by Sanders et al. (2018) which see Crater II as embedded in a ΛCDM DM halo -possibly weakly cusped -which has experienced very strong mass loss due to tides. Since several other objects in the sample share with Crater II similar, or more extreme, internal orbits, it appears crucial to address in more detail the impact that tidal disturbances might have had in the structural and internal kinematic properties of these galaxies.
Of the 22 satellites for which we can draw conclusions, 16 are orbiting along the plane of satellites (VPOS, not counting the well aligned LMC and SMC) and 6 are not. These findings suggest that a majority of the MW satellites for which we have measured proper motions orbits along the VPOS, but that not all satellites participate in coherent motion along this structure. This is in line with an analysis based solely on the spatial distribution of satellite galaxies, which found that up to half of the MW satellites might be drawn from an isotropic distribution in additon to satellites drawn from a planar distribution (Pawlowski 2016) , as well as with the satellite plane around Andromeda which consists of about half of the M31 satellites (Ibata et al. 2013) .
The distribution of orbital poles does not appear to confirm the hypothesis that Crater 1, Crater II, Leo II, Leo IV and Leo V
